The structural evolution up to 5 GPa of a natural heulandite was studied using in situ single-crystal Xray diffraction data from a diamond-anvil cell (DAC) with glycerol as the pressure transmitting medium. Linear regressions yielded mean axial compressibilities for a, b and c axes of q a = 1.02(1)·10 -2 , q b = 8.1(6)·10 -3 , q c = 7.6(2)·10 -3 GPa -1 . The largest strain vector ( q 1 = 1.16 10 -2 GPa -1 ) lies approximately on the diagonal of the system of channels along The bulk heulandite structure compression was the result of the "soft" behaviour of the channels (K=10-19 GPa) and the more rigid behaviour of the tetrahedral framework (K ≅ 60 GPa), which underwent tilting of the fundamental polyhedral unit (FPU) chains. The T5-T5-T5 angles, between the FPUs, decreased from 162.4°at 0.0001 GPa to 156.2°at 3.4 GPa.
Introduction
In recent years zeolite minerals have found increasing applications in many industrial fields (e.g., pollution control, petroleum production, agricultural application). While the vast possibilities of exchanging cations and molecules, the catalytic ability and the structural thermal stability of this type of mineral have been investigated extensively, studies of their structural behaviour under pressure are scarce. Hazen & Finger (1984) were the first to study the effect of hydrostatic pressure media on the compressibility of a synthetic zeolite 4A: ethanol, methanol, glycerol and organo-fluorine compound. They showed that the compressibility of this zeolite depends on the relative size of the hydrostatic-fluid molecules compared with the structural channels in the zeolite framework. Later Belitsky et al. (1992) studied the structural transformations induced by pressure in natrolite and edingtonite using liquids with various molecular dimensions as pressuretransmitting media. Their spectroscopic and diffractometric data showed that under high water pressures, some additional H 2 O molecules entered the framework channels and caused an anisotropic swelling of the crystal and two phase transitions (natrolite II, natrolite III). If non-penetrating liquid was used no phase transitions were detected up to 7 GPa. In both cases it was observed that the transformations were completely reversible at least up to 7 GPa. Gillet et al. (1996) studied pressure-induced amorphization on scolecite and mesolite by X-ray powder diffraction and Raman spectroscopy. In a non-penetrating pressure medium (KBr) these zeo- lites showed amorphous-phase transition at 8-9 GPa. The transitions from the crystal to the amorphous phase were irreversible, but in some scolecite experiments during decompression, below 7 GPa, the amorphized samples showed a crystalline rim of back-transformed phase. Similar evidence of recrystallisation after HP-amorphization has been observed in [ -AlPO 4 (Gillet et al., 1995) .
All of the quoted studies on natural fibrous zeolites (natrolite, edingtonite, scolecite and mesolite) were aimed at studying the HP-behaviour using Xray powder diffraction but did not report structural data. No single-crystal HP structural data are available for other natural zeolites, yet there are many single-crystal HT-structural studies (Alberti & Vezzalini, 1984, and references therein; Vezzalini et al., 1993; Alberti et al., 1994) .
The aim of our study was to investigate the structural evolution of heulandite under pressure using in situ X-ray single-crystal diffraction.
Heulandite is a common mineral in post-volcanic environments and belongs to the heulandite-clinoptilolite zeolite group. In his general scheme of zeolitic crystallisation during diagenesis and very low metamorphism, Utada (1970) attributed heulandite to "zone III" of "zeolite facies". Surface genesis has never been ascribed to this kind of zeolite, whereas it has been suggested for the isotypic framework of clinoptilolite.
The ion-exchange specificity of heulandite-clinoptilolite has been demonstrated very active in removing of radioactive Cs 137 and Sr 90 from low-level waste streams of nuclear installations and in extracting of ammonium from sewage (Smyth, 1982; Mumpton, 1988; Vaniman & Bish, 1993) . Moreover, this natural zeolite is not only considerably less expensive than organic ion-exchange resins, it is also much more resistant to nuclear degradation. A high-pressure study of a nuclear waste disposal phase may be important both to determine the stability conditions and to evaluate how its exchange characteristics are modified by pressure, as well as to verify whether phase transitions occur or not.
The heulandite type framework is built from the "Fundamental Polyhedral Unit" (FPU, also called "secondary building unit"-SBU) depicted schematically in Fig. 1 . The FPUs are first joined through the T5 atoms to form long chains along [102] with T5-T5-T5 angle equal to about 162°in natural heulandite. These chains are linked laterally through the T1, T3, T4 atoms to produce dense silicate layers (010). Parallel layers are joined through the T2 atoms to form a three-dimensional framework enclosing three systems of channels: 10-ring and 8-ring channels along [001], 8-ring channels along [100] . The extra-framework cations (CS1 and CS2) and water molecules lie in these channels. According to Bresciani-Pahor et al. (1980) the CS1 site is occupied preferentially by monovalent cations and the CS2 site is occupied by Ca only, the residual bivalent cations (Ca, Sr, Ba) being in CS1. With these cation distributions, CS1 and CS2 have variable occupancies (Alberti, 1972; Alberti & Vezzalini, 1983) . The extra-framework sites containing water molecules may also have variable occupancies. Their occupancies in heulandite-group zeolite may vary from one specimen to another and depend on bulk chemical composition. However, different studies have shown almost full occupancy for W3 and W4 sites regardless of the change in chemical composition (Alberti, 1972; Alberti & Vezzalini, 1983) . Alberti (1973) and Alberti & Vezzalini (1983) studied the structural behaviour of heulandite dehydration by X-ray single-crystal diffraction. They showed the heat-induced polymorphic transition (heulandite A -heulandite B) with the structural transformation produced by dehydration: strong deformation of the FPU, pronounced zig-zag of their chains along [102] and extra-framework site shifts. Mortier & Pearce (1981) studied the intermediate phase, called d-Ca/H-HEU, between the hydrated NH 4 -exchanged heulandite and dehydrated heulandite B by X-ray single-crystal diffraction. They showed the structural differences for the activated (partially dehydrated) intermediate phase, stable at 483 K.
In our study this information on the behaviour of heulandite under pressure will be compared with the dehydration effect of heating. The amorphization process will also be examined, and on the basis of HP structural refinements, a tentative amorphization path of this zeolite will be proposed. A Merrill-Bassett diamond anvil cell (DAC) with 1/8 carat diamond with 800 µm culet face diameter was used for high-pressure study. Steel Inconel 750X foil, 250 µm thick, with a 350 µm hole, was used as gasket material. A Sm 2+ -BaFCl powder for pressure calibration (Comodi & Zanazzi, 1993) and glycerol (C 3 O 3 H 6 ) as pressure-transmitting medium were introduced into the DAC together with the sample. Glycerol was chosen because its large dimension molecules do not enter in the zeolite framework channels (Hazen & Finger, 1984) .
Experimental procedure
Pressure was calculated by measuring the wavelength shift of the Sm 2+ line ( † = 6876 Å, at 0.0001 GPa) excited by a 100 mW argon laser and detected by a 100 cm Jarrell-Ash optical spectrometer. The precision of pressure measurements was 0.05 GPa.
The lattice parameters of a crystal, with dimensions of 0.25 x 0.2 x 0.05 mm, were determined at various pressures between 0.0001 and 3.7 GPa (Table 1) by applying the least-square method to the Bragg angles of 36 accurately centred reflections. Table 1 . Lattice parameters and volumes of heulandite at different pressures. Diffraction data were collected under room conditions on a Philips PW 1100 four-circle diffractometer using a graphite monochromator for MoK [ radiation ( † = 0.7107 Å); K scanned with scan width 1.8°and scan speed 0.06°/s were employed. 2804 independent reflections were collected for the structural refinement (Table 2) . Empirical absorption correction based on the method of North et al. (1968) was applied and 1353 observed reflections with intensities higher than 3 c (I) were employed. The refinement was carried out with anisotropic displacement parameters in space group C2/m using the SHELX-97 program (Sheldrick, 1997) . The final agreement index was 4.67 % for 178 parameters. The neutral atomic scattering factor values from the International Tables for X-ray Crystallography (Ibers & Hamilton, 1974) were used. Whereas for CS2 a scattering curve of calcium alone was used, for CS1 site a mixed curve built with the scattering curves of Na, K, Sr, Ba and Ca, in percentages consistent with the analysis, were employed.
The intensity data were collected at 1.4 and 3.4 GPa up to 35°of ' , adopting non-bisecting geometry (Denner et al., 1978) and 2.6°K scans; when possible, the measurements were repeated at different azimutal^angles. Data were corrected for pressure-cell absorption with an experimental attenuation curve (Finger & King, 1978) .
The HP structures were refined with isotropic atomic displacement parameters and site occupancies fixed to the room condition value. Details of the refinements are listed in Table 2 . Observed and calculated structure factors can be obtained from the authors upon request (or through the E.J.M. Editorial Office -Paris).
Results

Results under room conditions
The heulandite structure was refined with starting coordinates from Alberti (1972) . The coordinates of the framework atoms are very close to those found by Alberti & Vezzalini (1983) for heulandite from Nadap and for heulandite from Azerbaijan (Bresciari-Pahor et al., 1980) . Special care was devoted to the location of the extra-framework cations and water molecules. We found six sites for the water molecules, some completely occupied and others partially occupied (Table 3 ). The seventh (W7) water site, found partially occupied in Nadap heulandite (Alberti & Vezzalini, 1983) , was completely empty in this sample.
The determination of Al-content in the tetrahedra was carried out using Alberti's method (Alberti & Gottardi, 1988) . The result was: T1(Al)= 19.2 %, T2(Al) = 36.3 %, T3(Al) = 19.9 %, T4(Al) = 19.4 %, T5(Al) = 33.4 %, with Al-content total equal to 8.92 atoms per formula unit (a.f.u.). This result is in good agreement with chemical data from the analysis. On the other hand by applying Jones' method (Jones, 1968 ) the result was: T1(Al) = 19.6 %, T2(Al) = 33.7 %, T3(Al) = 16.8 %, T4(Al) = 14.0 %, T5(Al) = 31.4 %, with Al-content total equal to 7.98 a.f.u.
Compressibility
The reduction of lattice parameters with pressure was linear, without evidence of phase transitions in the pressure range investigated. Linear regressions (Fig. 2) yielded mean axial compressibilities for a, b and c axes of q a = 1.02(1)·10 -2 , q b = 8.1(6)·10 -3 , q c = 7.6(2)·10 -3 GPa -1 . As shown in Fig. 2 , the q angle increased slightly with pressure.
The principal linear compression coefficients are not constrained by symmetry to completely coincide with crystallographic axes. Thus, to determine the strain ellipsoid and its orientation with respect to the crystallographic axes, analysis of the strain tensor was performed using the program STRAIN (Ohashi, 1982) . The principal axes of the strain tensor calculated between 0.0001 and 3.5 GPa, using the lattice parameter values obtained from linear regressions, were: q 1 = 1.16·10 -2 , q 2 = 8.1·10 -3 , q 3 = 7.5·10 -3 GPa -1 . q 2 was coincident with the b axis, whereas q 1 and q 3 lie in the plane (010).
q 1 formed an angle of about 35°with the a axis; this (Fig. 3) . Volume compression data, isothermal bulk modulus K 0 and its pressure derivative K 0 ', were fitted to a third-order Birch-Murnaghan equation of state (Birch, 1978) . The equation has the form:
and was solved using a Levenberg-Marquardt algorithm (Press et al., 1986) . When V 0 , K 0 , and K 0 ' were refined, the values obtained were : V 0 = 2121(2) Å 3 , very close to the value measured under room conditions (Table 1) A subtle effect is observed in the heulandite compressibility: a slight deviation from the linear V vs. P trend may be observed. This effect may be described in terms of the following quadratic trend: V/V 0 = 1 -3.23(8)·10 -2 P + 1.6(2)·10 -3 P 2 .
The bulk modulus of heulandite, using a nonpenetrating pressure medium, is similar to the bulk moduli of other open framework compounds, such as zeolite-4A with K 0 ≅ 21GPa (Hazen & Finger, 1984) , but is significantly smaller than that observed in other framework silicates (e.g., in analcite, K 0 = 41 GPa, Hazen & Finger, 1979 ; in marialite, K 0 = 60 GPa, Comodi et al., 1990 ; in anorthite, K 0 = 94 GPa, Angel et al., 1988) .
Structural evolution with pressure
The HP structural behaviour of this zeolite type was studied by comparing the three refinements carried out at 0.0001, 1.45 and 3.4 GPa. The pressure increase did not produce relevant variations in the tetrahedral bond distances (Table 5) as observed in most silicates in this pressure range. On the other hand, as expected for open framework structures, the main deformation mechanism was the polyhedral tilting that produced inter-tetrahedral angle variations. In particular in heulandite the most relevant variation produced by polyhedral tilting was the shortening of the zig-zag chain, along [102] , formed by the heulandite polyhedral unit (FPU). The T5-T5-T5 angles between the FPUs decreased from 162.4(1)°at 0.0001 GPa to 156.2(3)°at 3.4 GPa (Table 4) . At the same time the 8-and 10-membered ring channels parallel to c were compressed, principally along [010] . The channel bulk moduli, calculated from the volume variations of the inscribed elliptical-section cylinders, were quite low: the bulk moduli of the 10-and 8-membered ring channels along [001] were 19(2) and 10(2.3) GPa respectively. That of 8-membered ring channels along [100] was 18(1.5) GPa (Table 4) .
Tetrahedral tilting not only changed the configuration between the FPUs, but also the size of the FPU itself. The FPU "pseudo-volume", defined as the product of the three distances (T2-T2), (T3-T3), (T5-T5) across the FPU (Mortier & Pearce, 1981) , changed from 244.5(3) Å 3 under room conditions to 230.9(4) Å 3 at 3.4 GPa. Thus the FPU bulk modulus was 63(8) GPa (Table 4) .
Besides relevant decrease in the channel free volumes, the pressure increase induced important variations in the shape of the channels. We can evaluate the evolution on the channel ellipticity by the ratio between the smaller free diameter compared to the larger one, O6-O6/O1-O1 for the 10-ring channel, O5-O5/O1-O1 for the 8-ring channel along [001], O3-O3/O1-O1 for the 8-ring channel along [100] . According to the results shown in Table 4, it appears that whereas the shape of the 8-ring channels did not change much with pressure, the 10-ring channel became more elliptic. The ratio O6-O6/O1-O1 changed from 0.38 to 0.28 with pressure increase of 3.4 GPa, corresponding to a decrease of about 26 %, while in the 8-ring channels the ellipticity decreases were 3 and 9 %. Due to the 10-ring channel compressing along [010], the O1 oxygen moves towards the inside of the 8-ring channel, as indicated from the atomic coordinates (Table 3) . The position of the extra-framework cations (in CS1 and CS2 sites) and water molecules (in W1, W2, W3, W4, W5, W6 sites) was almost maintained within the pressure range investigated (Table  3) . However, looking in more detail at the evolution of the extra-framework bond distances reveals a different behaviour between CS1 and CS2. In the 10-ring channel, both the CS1-framework oxygen distances and the CS1-water molecule distances decreased with pressure, and on the whole the configuration remained the same as observed under room conditions. In the [001] 8-ring channel, on the contrary, the O1 moved towards the inside and as a consequence the distances between CS2 and O1 decreased from 2.533(8) Å to 2.27(6) Å, as the pressure increased to 3.4 GPa. At the same time, the distances between CS2 and the water molecule oxygens (CS2-W3, CS2-W3', CS2-W4, see Table  5 ) increased slightly with pressure.
Amorphization
Significant peak broadening, interpreted as an indication that amorphization was occurring, was observed at P higher than 3.7 GPa. At 4.1 GPa the peak disappearance hindered the determination of the lattice parameters. The evolution of the diffraction pattern during decompression showed that the gradual transition to the amorphous phase was still reversible, at least in the range 0.0001-5 GPa. A similar effect was observed for scolecite after complete HP-amorphization at 8-9 GPa (Gillet et al., 1996) and for [ -AlPO 4 ( Gillet et al., 1995) .
The structural refinement under room conditions, after the HP measurements, showed little difference from the initial values of the lattice parameters and structural geometry (Tables 3-5 ).
Discussion and conclusions
Heulandite represents the first example of zeolite studied under pressure using single-crystal X-ray diffraction data. With this method the path followed by polyhedral tilting to deform the structure may be examined in detail. In particular the evolution of the lattice parameters may be understood by means of high-pressure structural refinements. Although the heulandite structure could be considered to be a layer structure packed along [010] , where dense silicate layers alternate with 10-and 8-ring channels (Fig. 1) , the largest compressibility we observed was along the a axis, not along the b axis. This apparently anomalous behaviour was due to the counter-balancing effect of two mechanisms: first the kinking of the zig-zag FPU chains, that increases the [010] layer thickness, and second the compression of the channels along [010] . On the other hand, along the a axis the two mechanisms act in the same way: both the kinking of the zig-zag FPU chains and the decrease of the channel size reduce the a axis, which was the most compressible lattice parameter. However, in the heulandite structure the most compressible direction, as found by the strain analysis, does not coincide with any of the lattice parameters but lies in the (010) plane forming an angle of about 35°with the a axis. This direction corresponds approximately to the [102] axis along (Fig. 3) . The most compressible direction is likely to be related to the FPU tilting, mainly acting where the charge density is lower, as along the channel system diagonal. The high-pressure behaviour of heulandite may be compared with the high-temperature behaviour described by Alberti & Vezzalini (1983) . In their study the authors described a phase transition over 250°C from heulandite A to heulandite B, a contracted completely dehydrated phase. The water loss determined a drastic deformation of FPU, with T-O-T bridge breaks yielding an interrupted framework. In our study, with the pressure increase the extra-framework content remained unchanged, both cations and water molecules maintained almost the same position and the same occupancy.
Thus the deformations induced by P are less dramatic than those affected by T and no phase transition was observed before amorphization. The reflection broadening observed for pressures greater than 3.7 GPa, can be ascribed to the gradual amorphization. The analysis of structural refinement data allows us to hypothesize the reason for structural decay. The compression of 10-ring channel along [010] pushes the O1 oxygen toward the inside of the adjacent 8-ring channel, strongly reducing the CS2-O1 distance (Table 5) . At the same time the distance between T2-O1 also decreases greatly. Under room conditions the O1 oxygen is under-bonded, in fact it is the bridging oxygen between two tetrahedra where silicon is largely substituted by aluminium; with pressure increase, the distances between the tetrahedral cation, as well as those between extra-framework cations, drastically decrease and as a consequence this oxygen becomes overcharged. Because of the "delicate" role of the O1 oxygen, as (010) layer binder, the charge imbalance on it could possibly produce significant structural instability.
